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INTRODUCTION
Obesity, defined as having a BMI at least 30 kg/m 2 , affects more than one-third of reproductive age women in the United States [1, 2] . The overall prevalence of obesity has doubled among reproductive aged women from 1976 to 2004 [2] . Furthermore, the rate of severe obesity (BMI 40 kg/m 2 ) in the reproductive aged population has increased threefold during this time [2,3 && ]. A burgeoning number of studies report robust relationships between maternal obesity, and adverse maternal and fetal outcomes. Adverse outcomes include, but are not limited to maternal thromboembolic and hypertensive disease and insulin resistance, labor dystocia, fetal macrosomia, intrauterine growth restriction, congenital anomalies and increased risk of fetal stillbirth [1, 3 && ]. Equally important, epidemiological studies also suggest that maternal obesity may program cardiovascular disease, diabetes and asthma in adult offspring. The mechanisms by which maternal obesity influences these outcomes are not yet clearly elucidated [2, 4] .
Current theories support the concept of fetal origins of disease based on the Barker Hypothesis. In 1990, Sir David Barker formalized the concept that the origins of certain noncommunicable diseases may trace back to the in-utero period, and is currently referred to as Developmental Origins of Health and Disease [5] . Maternal over or under nutrition and environmental exposures may irrevocably 'program' fetal pathophysiology and increase risk of certain adult onset diseases such as cardiovascular disease, diabetes, malignancies and so on [6] [7] [8] . Moreover, disease may be programmed across multiple generations through maternal or paternal inheritance mechanisms that reflect epigenetic modification of DNA, and differential RNA translation and protein expression [4, 9] . Another hypothesized mechanism includes modification of the fetal hypothalamic-pituitary axis (HPA) through effects on the developing hypothalamic circuitry and by causing downstream dysregulation in the expression of key neuropeptides involved in the HPA axis function and their cognate receptors [10 && ]. Below, we first address the effects of maternal obesity on fertility. We then focus on the relationship between maternal obesity and adverse fetal and neonatal outcomes, specifically addressing potential mechanisms by which in-utero fetal programming may result in adult disease. The goals of this review are to provide an update on our current knowledge regarding the impact of obesity on maternal reproductive function and offspring outcomes as well as to identify where knowledge gaps exist.
Pathophysiology of obesity and the reproductive axis
Energy metabolism and female fertility are intimately connected and reciprocally regulated. Although lipids are critical for granulosa steroidogenesis [11] , human and rodent studies suggest hyperlipidemia imposes deleterious effects on reproduction. Specifically, overweight and obese women exhibit metabolic dysfunction that is characterized by hypercholesterolemia and increased nonesterified fatty acid concentrations, hyperglycemia and insulin resistance [12] . This in turn creates a chronic low-grade metabolic inflammatory state [13, 14] , and endocrine dysfunction that affect age of menarche and the development of polycystic ovarian syndrome and subfertility. Human and rodent studies also suggest that over nutrition results in follicular fluid hypertriglyceridemia which causes oxidative stress, lipid-induced oocyte toxicity, mitochondrial dysfunction and apoptosis of granulosa cells [15, 16] resulting in reduced fecundity and infertiltiy [17] [18] [19] . Indeed, among subfertile women, the chance of conception is decreased by 5% for each unit increase in BMI greater than 29 kg/m 2 [20, 21] . Moreover, among obese women undergoing in-vitro fertilization, obesity adversely affects oocyte quality and uterine receptivity [20, 21] . Finally, obesity may adversely affect ovarian reserve [22] , a surrogate marker of fertility, and may give rise to luteinizing hormone (LH) surge and corpus luteum dysfunction [23 && ,24,25 && ,26]. Hence, overweight and obese women should be encouraged to lose weight to optimize fertility and pregnancy outcome [11] .
Adipose tissue is a key endocrine organ that regulates glucose and fat metabolism, energy expenditure, inflammation and reproduction [27] . Adiponectin increases fatty acid oxidation in fat and imposes insulin-sensitizing and anti-inflammatory effects. Adiponectin receptors are noted in mammalian pituitary, ovaries, uterus and placenta [28, 29] . It stimulates granulosa cell steroidogenesis, and is hypothesized to assist developing preimplantation embryos and uterine receptivity. Leptin, a byproduct of adipose tissue, is significantly higher among obese individuals [30 && ]. High concentrations of leptin are associated with dysfunctional steroidogenesis in human granulosa and theca cells and abnormal follicular development, resulting in oligoovulation and anovulation [31] [32] [33] [34] . However, what remains unclear is whether all phenotypes of obesity (metabolic vs. nonmetabolic) confer similar effects on steroidogenesis, or whether adipose tissue type (brown vs. white) modifies the association between obesity and subfertility.
KEY POINTS
Obesity affects more than one-third of reproductive age women in the United States, and the prevalence of obesity has doubled among reproductive aged women from 1976 to 2004.
Overweight and obese women exhibit metabolic dysfunction that is characterized by hypercholesterolemia hyperglycemia and insulin resistance, in turn creating a chronic low-grade metabolic inflammatory state, leading to endocrine dysfunction and subfertility.
Maternal over or under nutrition and environmental exposures may irrevocably 'program' fetal pathophysiology and increase risk of certain adult onset diseases such as cardiovascular disease, diabetes and malignancies.
Mechanistic studies unraveling the association between adipokine levels, body composition and dysfunctional steroidogenesis are much needed.
Insulin, a peripheral regulator of energy homeostasis, acts through its cognate receptor to activate one of two second messenger systems, the phosphatidyl-inositol 3 kinase pathway or the mitogen-activated protein kinase pathway, to mediate metabolic and proliferative effects. Insulin is hypothesized to coregulate gonadal steroidogenesis with LH, and to inhibit hepatic synthesis of sex hormone-binding globulin (SHBG) [35] . Insulin resistance and hyperinsulinemia are common features of obesity. In the setting of insulin resistance, hyperinsulinemia potentiates gonadotropin-stimulated ovarian androgen synthesis [36] , inhibits SHBG synthesis resulting in increased free testosterone levels and increased selective ovarian tissue insulin resistance [37] . Although human studies designed to investigate the effect of insulin on the reproductive neuroendocrine axis are less clear [36, [38] [39] [40] , transgenic mice with selective deletion of insulin receptors in the pituitary [41] and gonadotropin releasing hormone (GnRH) neurons [42] exhibit LH hypersecretion and increased GnRH pulse frequency. As a group, these data suggest that abnormal insulin signaling in the hypothalamicpituitary-gonadal axis contributes to obesityrelated subfertility.
At the level of the ovary, 5' AMP-activated protein kinase, a sensor of energy status, affects the regulation of oocyte maturation, steroidogenesis, proliferation and survival of theca and granulosa cells [43, 44] . For this reason, it is hypothesized that metformin may provide reproductive benefit in obese women with ovulatory dysfunction through direct effects on granulosa survival and theca cell function. High levels of saturated free fatty acids, such as palmitic acid and stearic acid, suppress granulosa cell survival due to increased apoptosis, as evidenced by DNA ladder formation and annexin Vascular Endothelial Growth Factor plasma/propidium iodide staining. Furthermore, women with elevated free fatty levels in their follicular fluid have poor morphology of the cumulus oocyte complex.
Maternal obesity and effects on fetal birthweight
Obese women are at increased risk for fetal overgrowth and undergrowth in utero. Effectively studying the underlying pathophysiology contributing to abnormal fetal growth has been challenged by contrasting fetal outcomes. The inability to completely control for social and behavioral confounding factors poses the greatest hurdle to defining the relationship between obesity and fetal growth abnormalities. For example, maternal nutrition, physical activity, stress levels and sleep quality each has the potential to modify the risk for maternal weight gain, gestational diabetes mellitus and hypertensive disease in pregnancy [1, 3 && ]. Hence, it is our duty as counseling practitioners to make obese women aware of these concerns and continue to encourage healthy lifestyle practices and limit gestational weight gain in accordance with the Institute of Medicine guidelines during pregnancy.
Fetal macrosomia and large for gestational age infants
Preconceptional maternal obesity significantly increases the risk of having fetal macrosomia or a large for gestational age (LGA) infant (>90% in weight for gestational age). Fetal macrosomia is 2-3 times higher and affects up to 20% of births to obese women. The risk of having fetal macrosomia or and an LGA infant correspondingly increases with higher obesity classes [1, 45, 46] .
The precise mechanism underlying the cause of fetal overgrowth among obese gravida and the extent to which social and behavioral factors confound and contribute to the problem are not clearly elucidated. It is well documented that maternal obesity is highly correlated with gestational diabetes, and gestational diabetes positively correlates with fetal overgrowth. The prevailing mechanistic theory explaining this phenomenon suggests upregulation of placental transporters for glucose (GLUT 1 and 2), amino acids and fatty acids [47,10 && ]. However, the risk of fetal overgrowth persists among nondiabetic obese gravida too. Specifically, fetuses of obese gravida may be exposed to metabolic changes such as maternal hypertriglyceridemia, and lower levels of high density lipoprotein (HDL) cholesterol; all of which are associated with increased birth weight in observational studies. Consistent with this theory, rodent models suggest that excessive maternal dietary lipids, independent of an upregulation in glucose transporters, affect fetal birth weight by increased uptake of the chylomicron remnant core lipids by the placenta [48] . Tyrrell et al. [49] used maternal/neonate dyads and single nucleotide polymorphism (SNP) data from 30 487 women in Europe, North America and Australia to determine if a genetic basis explained the association between maternal BMI and birthweight. SNPs robustly associated with BMI and obesity-related traits (hyperglycemia, hypertriglyceridemia and hyperlipidemia) were selected. Even in women without clinical gestational diabetes Tyrrell et al. found genetic evidence through the calculation of a weighted genetic score that there is a causal association between maternal hyperglycemia and birth weight. However, they did not find a significant causal association between triglyceride or HDL and increased birthweight. Nonetheless, this study suggests that even among obese women without a diagnosis of overt gestational diabetes, there are changes that affect the risk for fetal overgrowth. Additional studies are needed to investigate potential mechanisms by which maternal metabolic status, independent of diabetes, might contribute fetal growth abnormalities.
Intrauterine growth restriction and small for gestational age infants
Preconception maternal obesity is a risk factor for intrauterine growth restriction and small for gestational age (SGA) infant (<10% in weight for gestational age). Women with classes I and II obesity are two times more likely, whereas those with class III obesity are three times more likely to deliver an SGA infant [3 && ,50,51]. The increased risk for an SGA or low birth weight infant is directly related to preterm birth complicated by medical conditions including maternal hypertensive disease, cardiac disease and so on. Although there is some suggestion that SGA may reflect abnormal placental development and suboptimal perfusion that results in compromised nutrient transfer to the fetus, the causal nature of this relationship is not definitively established in conditions of obesity [52] .
Maternal obesity and congenital fetal anomalies
As compared to normal weight gravida, the risk for neural tube, cardiac and limb defects is increased by 50, 30-40 and 30%, respectively, in obese gravida [53] . Other anomalies including facial clefts and anorectal atresia are also increased among infants of obese women (Table 1) [54] . Waller et al. [55] performed a multisite case-control study of mothers enrolled in the National Birth Defects Prevention Study and found the odds of experiencing spina bifida, cardiac defects, anorectal atresia, hypospadias, diaphragmatic hernia or omphalocele were 1.3-2.1 times higher among obese mothers than normal weight controls. Blomberg et al. [56] found similar results from studies of women in the Swedish Medical Health Registries. In contrast, multiple observational studies have found a correspondingly decreased risk of fetal gastroschisis among obese women [55, 57] .
The mechanisms by which maternal obesity results in congenital fetal anomalies are not understood. [53, 58] . After controlling for dietary folic acid intake, serum folic acid levels are significantly reduced in obese gravida suggesting that abnormal folic acid metabolism may be an underlying cause for increased prevalence of neural tube defect (NTD) [59] . Maternal diabetes is also associated with an increased risk of fetal cardiac defects and NTDs [60] . Mouse models suggest that hyperglycemic environments disrupt the expression of regulatory genes responsible for embryonic development such as the Pax-3 gene encoding neural tube formation [61] . Importantly, obese gravida without diabetes maintain a similar risk for congenital anomalies possibly due to subclinical maternal insulin resistance creating a hyperglycemic environment for the fetus. Finally, obesity represents a state of chronic oxidative stress and increased inflammation, both of which may alter developmental gene expression and promote abnormal patterns of cellular apoptosis [62] .
Although the correlation between obesity and fetal birth defects is well established, social and behavioral factors often confound observational studies querying this relationship. These limitations may be overcome with longitudinal human studies analyzing multiple pregnancies in the same woman or by performing sibling studies. In the meantime, clinical providers should, when possible, encourage women to optimize their health preconceptionally and to adopt healthy lifestyle practices during pregnancy.
Long-term consequences of maternal obesity on exposed offspring
Glucose metabolism Glucose is the most important fetal energy substrate, and the usual insulin resistance state in pregnancy Obesity, Pregnancy and Fertility Chandrasekaran and Neal-Perry optimizes glucose supply and utilization by the fetus and the placenta [63, 64] . Interestingly, after assessing umbilical cord glucose and insulin concentrations, Catalano et al. [65] noted that fetuses of obese women may develop insulin resistance in utero. It is possible that exposure to in-utero insulin resistance may predispose offspring of obese gravida to increased risk of type 2 diabetes during adolescence and adulthood. Several animal models have revealed multiple potential mechanisms by which the fetal in-utero environment programs adult metabolic disease [66, 67] . For example, studies in sheep suggest that posttranscriptional changes in microRNA levels result in the downregulation of insulin receptor substrate (IRS-1) genes involved in hepatic and adipocyte insulin receptor signaling in the fetus [66] . In addition, studies by Steculorum and Bouret [68] found that maternal hyperglycemia disrupted hypothalamic function in offspring by creating a state of leptin resistance and by disrupting the ability of leptin to activate intracellular signaling pathways in key hypothalamic areas involved in metabolism. In addition, offspring born to hyperglycemic females exhibited abnormal neural projections of proopiomelanocortin and Agouti-related peptide neurons, neurons involved in appetite regulation.
Cardiovascular effects
Multiple epidemiologic studies demonstrate a direct relationship between prepregnancy obesity and the development of childhood obesity, higher total body fat mass and waist circumference in childhood, increased rates of adolescent obesity, and ultimately long-term adult cardiovascular disease in the offspring [69 && ]. In rodent models, maternal obesity is associated with increased leptin and C-peptide levels in umbilical cord blood [70] , suggesting the in-utero environment creates the foundation for development of adult onset cardiovascular disease and metabolic syndrome. Although the data are variable, observational studies in childhood demonstrate that offspring from obese gravida tend to have elevated blood pressure, hyperlipidemia, insulin resistance and elevated inflammatory markers [71] [72] [73] . Modification of maternal diet and exposure to breastmilk may modify this risk in childhood and adulthood; however, large clinical trials are needed to confirm the benefits of these interventions [74, 75] .
In adulthood, offspring of obese gravida have higher BMI, waist circumference, blood pressure, insulin and triglyceride levels and lower HDL cholesterol levels [69 && ]. However, these studies are limited by their observational design and the implicit confounds of genetic diversity, sociodemographic, life-time nutritional and lifestyle choices. To control for the previous list of confounding factors, Kral et al. [76] performed a sibling comparison study among siblings of mothers with high prepregnancy weight loss due to maternal bariatric surgery. They found that the risk of being overweight, obese and dysregulation of cardio-metabolic factors was higher in siblings born to the same mothers before bariatric surgery, supporting the hypothesis that maternal weight loss directly benefits fetal and neonatal health [76] . A study by Patro et al. [77] compared maternal and paternal BMI and childhood anthropometric measures including fat mass and waist hip ratio, implying that a higher paternal association with anthropometric measurements may be because of shared lifestyle characteristics. However, these studies demonstrated that maternal rather than paternal BMI negatively influenced childhood anthropometric measures.
Studies utilizing rabbit and rat models of disease suggest that in-utero hyperleptinemia increases central sympathetic drive through effects on the hypothalamic nucleus of the solitary tract. Aberrant central sympathetic tone alters renal sympathetic nerve activity, resulting in vascular dysregulation and hypertension [78, 79] . This early insult then continues through childhood and adolescence, increasing the propensity for cardiometabolic disease in adulthood.
Maternal obesity is also hypothesized to alter in-utero adipocyte morphology in the offspring and increases ectopic liver and pancreas lipid deposition [80, 81] . Abnormal lipid deposition in affected offspring creates a chronic inflammatory state, increases oxidative stress, alters hepatic protein expression and lipid profiles and increases sympathetic nervous system tone; all pathophysiological events that define and increase the risk of cardiometabolic disease. The pathophysiology underpinning abnormal adipocyte deposition and function in offspring of obese gravida may reflect aberrant circadian biology. Circadian rhythms in all mammals are predominantly driven by light exposure regulating the central Clock genes in the suprachiasmatic nucleus of the hypothalamus [82] . Transgenic mouse models demonstrate that Clock null mice become obese and develop hepatic steatosis. In addition rodent maternal/fetal dyad studies suggest that maternal obesity (feeding through high-fat diet) shifts the circadian rhythm of offspring and is associated with increased risk for nonalcoholic fatty liver disease among the offspring, increasing the risk of intraabdominal adipose tissue deposition, possibly due to disruption in the Clock gene expression [10 && ,81,82] .
Long-term Neuropsychiatric effects
Maternal prepregnancy obesity may also be associated with impairments in offspring neuropsychiatric development. A study by Casas et al. [83] of two birth cohorts in Europe noted reduced infant cognitive development scores among offspring of women with prepregnancy obesity. Interestingly, paternal overweight/obesity was not associated with infant cognitive development. In rodent models, leptin induces excitatory synaptogenesis and promotes dendritic spine formation in the hippocampus, which mediates learning and task functions [84] . In rodent models, leptin induces excitatory synaptogenesis and promotes dendritic spine formation in the hippocampus, which mediates learning and task functions [85] . Interestingly, hypoleptinemia and hyperleptinemia both seem to impair the formation of synapses and dendritic spines affecting hippocampal maturation [84, 86] . Future studies in rodent and nonhuman primate models investigating the nuances of leptin equilibrium and its role in hippocampal development are needed to clarify this association.
CONCLUSION
Obesity adversely affects female reproductive function, pregnancy outcome and exposed offspring. Given the rising rates of obesity worldwide, especially among reproductive age women, the clinical and financial implications that obesity poses in healthcare are significant. Additional studies focused on how maternal metabolic dysfunction programs adult disease and adversely affects fetal outcomes are warranted. In particular, there is a gap in our understanding of how maternal adipose phenotype, deposition and distribution affect fetal and adult offspring health. A more in-depth understanding of how maternal obesity phenotypes affects the fetal unit may provide insight into opposing fetal outcomes (i.e. fetal macrosomia vs. intrauterine growth restriction). This in turn may allow us to develop targeted intervention and therapeutic approaches to decrease the short-term and longterm consequences of maternal obesity on adult offspring outcomes.
